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the direction of their migration. They found that ectopicTwo Signals Are Better Than One:
expression of a gene homologous to mammalian PDGFBorder Cell Migration in Drosophila and VEGF ligands resulted in inefficient border cell mi-
gration. Based on homology, they then identified the
Drosophila homolog of the PDGF/VEGF receptor and
showed that the ligand, called PVF1, could bind to and
Recent studies of border cell migration during Dro- activate the receptor (PVR) in vitro. When the expression
sophila oogenesis demonstrate that the EGFR and of the two genes was examined, PVF1 was found to be
PDGFR signaling pathways act in a partially redundant concentrated in the oocyte during border cell migration,
manner to guide this process. Evidence presented while PVR was expressed in all of the follicle cells. This
shows that PDGFR signaling directs border cell migra- suggested that PVF1 is secreted from the oocyte, pro-
tion via Rac and the Rac activator Mbc/CED-5/ viding a gradient of ligand that binds to the PVR recep-
Dock180. tors on the border cells and guides their migration.
PDGFR and VEGFR are mammalian receptor tyrosine
Several directed cell migration events occur during the kinases whose roles in cell migration have been studied
development of the Drosophila egg. The most exten- for many years in various tissue culture systems. Like
sively studied migration process during oogenesis is the PDGFR in mammalian cells, stimulation of PVR in Dro-
migration of the border cells. The border cells are a sophila cells was found to activate the MAP kinase path-
group of somatic cells required for the formation of the way. Surprisingly, neither loss-of-function mutations in
micropyle, the eggshell structure through which sperm raf, a member of the MAPK pathway, nor mutations in
enters the egg. Previous studies in various systems have PLC or PI3K had any effects on border cell migration
identified many of the molecules involved in distinct (Duchek and Rørth, 2001), even though the latter had
events in cell migration. Important questions remain, been implicated in guidance and motility effects through
however, including which extracellular signals guide cell the PDGFR in tissue culture cells (Kundra et al., 1994;
migration and what pathways lead from the reception of Wennstro¨m et al., 1994). Overexpression of PVR did,
a signal to the cytoskeletal rearrangements that facilitate however, result in changes in cell shape, a large accu-
migration. In the October 5th issue of Cell, Duchek et al. mulation of F actin, and actin-rich extensions. It had
present evidence that the PDGFR pathway provides a previously been shown in several systems that small
signal for Mbc/Dock180-Rac-mediated cell migrations. GTPases of the Rho superfamily, such as Rac, can affect
In addition, the authors demonstrate that PDGFR signal- the actin cytoskeleton (reviewed in Hall, 1998). In addi-
ing is partially redundant with EGFR signaling in the tion, dominant-negative Rac had been found to affect
guidance of border cell migration. border cell migration in Drosophila (Murphy and Montell,
The Drosophila egg develops within an egg chamber 1996). Duchek et al. showed that dominant-negative Rac
made up of germline and somatic cells. The germline can suppress the cytoskeletal effects of PVR overex-
cells consist of 15 nurse cells and an oocyte, which are pression, strongly suggesting that PVR signaling regu-
surrounded by an epithelial layer of somatically derived lates Rac activity. They also examined nine genes that
follicle cells (see Figure, panel A). Early in oogenesis, had been shown to be downstream of receptor tyrosine
the oocyte becomes positioned at the posterior of the kinases or had been linked to Rac activation. Of these
egg chamber with the nurse cells at the anterior. During genes, only myoblast city (mbc), the Drosophila homo-
midoogenesis (stage 9), the border cells, a group of log of C. elegans CED-5 and mammalian Dock180, had
6–10 follicle cells at the anterior of the egg chamber, an effect. Mbc and CED-5 had both previously been
delaminate from the epithelium (Figure, panel B). They shown to mediate Rac activity in vivo (Nolan et al., 1998;
then extend actin-rich filopodia in between the nurse Reddien and Horvitz, 2000). Until the recent findings by
cells and migrate through the middle of the nurse cell Duchek et al., however, a signal that could induce Rac
cluster (Figure, panel C) until they reach the border be- activation by Mbc/CED-5/Dock180 in vivo had not been
tween the oocyte and the nurse cells in the middle of identified.
stage 10. Finally, the cells migrate a short distance to- Although mutations in PVF1 and dominant-negative
ward the dorsal side of the egg chamber where the two PVR have significant effects on the efficiency of border
polar follicle cells, a subset of the border cells, extend cell migration, a fraction of border cells can still migrate
processes to form the pore in the micropyle that allows in the absence of this signaling pathway, suggesting that
sperm entry (Figure, panel D). it is important but not essential for guiding migration. In
Although border cell migration has been studied ex- an earlier paper, Duchek and Rørth (2001) had reported
tensively over the last decade, most of the genes charac- that mutations in the EGFR ligand gurken or the EGF
terized regulate processes such as adhesion, motility, receptor itself had a dramatic effect on migration of the
and the temporal control of migration (reviewed in Leh- border cells to the dorsal side of the egg chamber but
mann, 2001). Until now, however, the actual guidance only a minimal effect on the first phase of migration to
cues directing the migration of the border cells to the the oocyte. Ectopic expression of a constitutively active
oocyte were not known. form of EGFR, however, caused significant defects in
Duchek et al. identified factors guiding border cell the migration of the border cells to the oocyte. The
migration using a screen in which random genes were similarity in the PVR and EGFR phenotypes suggested
ectopically expressed in the border cells and germline that the two signaling pathways could be acting in a
cells using the UAS-GAL4 system. They reasoned that partially redundant manner; and in fact, when PVR and
overexpressing a guidance cue would disrupt the gradi- EGFR dominant-negative receptors were coexpressed
in the border cells, 90% of border cell clusters migratedent of signal that the cells normally use to determine
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less than half-way to the oocyte. One of the unanswered
questions regarding cell migration is how cells can
sense and respond to what are likely to be very shallow
gradients of signal. The partial redundancy of the PVR
and EGFR signaling pathways may help to answer this
question since obviously greater sensitivity and speci-
ficity can be achieved by combining two signals rather
than relying on only one.
It is particularly interesting that gurken is involved in
border cell migration because the only previously known
function for gurken signaling was in the establishment
of polarity. During stages 9 and 10, when the border
cells are migrating, Gurken is localized to the dorsal-
anterior corner of the oocyte, where it signals the overly-
ing follicle cells via the MAP kinase pathway to specify
a dorsal cell fate (reviewed in Ray and Schu¨pbach, 1996).
The results presented by Duchek et al. demonstrate a
second function for gurken signaling in the migration of
the border cells. That the same source of ligand can
simultaneously elicit two very different effects in differ-
ent populations of follicle cells is intriguing and raises
the question of what mediates EGFR signaling during
border cell migration. Other than the MAP kinase path-
way, which appears not to be involved in guiding border
cell migration, no other direct mediator of EGFR signal-
ing in Drosophila is known.
Duchek et al. have made a significant contribution to
the study of border cell migration by identifying the first
guidance cues involved in this process. Given that the
PDGF and EGF receptors, Mbc/CED-5/Dock180, and
Rac are highly conserved in organisms as diverse as C.
elegans, Drosophila, and mammals, it is not unlikely that
these same signaling cassettes might be used for a
variety of cell migration processes in other organisms as
well. It will be interesting to see if the partial redundancy
displayed by the two receptors during border cell migra-
tion is also conserved, suggesting a general mechanism
for enhancing precision and efficiency in cell migration.
Tripti Gupta and Trudi Schu¨pbach
HHMI/Department of Molecular Biology
Princeton University
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Border Cell Migration from the Anterior of the Egg Chamber to the
Dorsal-Anterior of the Oocyte, Visualized by the Expression Pattern
of the 5A7 Enhancer Trap in the Border Cells (B) At the beginning of stage 9, the border cells (stained blue) delami-
nate from the follicular epithelium at the anterior of the egg chamber,(A) The Drosophila egg chamber is made up of three cell types,
extend filopodia, and begin to migrate.which are depicted in this illustration of a stage 10B egg chamber.
(C) During stage 9, the border cells migrate through the center ofThe germline-derived nurse cells (pale yellow) and oocyte (dark
the nurse cell cluster toward the border between the oocyte andyellow) are surrounded by an epithelial layer of somatic follicle cells
nurse cells.(blue). The border cell cluster is at the dorsal-anterior of the oocyte,
adjacent to the oocyte nucleus. Anterior is to the left and dorsal (D) By the end of stage 10, the border cells have reached the oocyte
and migrated dorsally toward the oocyte nucleus.is up.
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engulfing or migrating cells, the activation of membrane-Cell Engulfment,
localized CED-10/Rac, and the subsequent induction ofNo Sooner ced Than Done cytoskeletal rearrangements, necessary for cell shape
changes (Reddien and Horvitz, 2000; Albert et al., 2000).
Three papers published in this issue of Developmental
Cell and a recent issue (October 5) of Cell now describeThree genes, ced-2, ced-5, and ced-10, are required
the identification and characterization of a new gene,for both cell corpse engulfment and distal tip cell mi-
ced-12, involved in cell corpse engulfment and DTCgration in C. elegans. Recently, a fourth gene, ced-
migration in C. elegans (Gumienny et al., 2001; Wu et12, has been identified that is required for these two
al., 2001; Zhou et al., 2001). The data presented indicateprocesses. ced-12 encodes a novel, conserved adap-
that the CED-12 protein represents a novel, conservedtor molecule involved in the activation of Rho/Rac/
component of the CED-2/CrkII-CED-5/DOCK180 com-CDC42-like GTPases.
plex (see Figure).
Using genetic screens for C. elegans mutants with
The swift disposal of dying cells or cell corpses through
defects in the engulfment of cell corpses or the migration
their engulfment by neighboring, phagocytic cells is an
of DTCs, the three groups independently identified mu-
important aspect of programmed cell death or apoptosis
tations in the gene ced-12. ced-12 encodes a novel
(Savill and Fadok, 2000). The engulfment process in-
protein with a pleckstrin homology (PH) domain and avolves specific interactions between two cells, the dying
SH3 binding domain, both of which are required for CED-cell and the engulfing cell, and can be divided into the
12 function. CED-12 is evolutionarily conserved with onefollowing steps: the generation of an “eat me” or cell
CED-12-like protein existing in Drosophila (DrosCED-corpse signal on the cell surface of the dying cell, the
12 or DCED-12) and three in humans (ELMO1, ELMO2/recognition of this signal by the engulfing cell, the trans-
HCED-12A, ELMO3). Genetically, the ced-12 gene func-duction of the signal to the cellular machinery of the
tions with ced-2 and ced-5 upstream of ced-10 in theengulfing cell, and, finally, the actual phagocytosis of
engulfing or migrating cell. Indeed, the CED-2, CED-5,the cell corpse by the engulfing cell.
and CED-12 proteins, as well as their mammalian coun-Two partially redundant pathways, defined by the
terparts, interact physically. The authors demonstrategenes ced-1, ced-6, and ced-7 on the one hand and by
that CED-12/ELMO1 interacts with CED-5/DOCK180,the genes ced-2, ced-5, and ced-10 on the other, are
which simultaneously can interact with CED-2/CrkII,involved in the engulfment of cell corpses in C. elegans.
thereby forming a ternary complex.While ced-1, ced-6, and ced-7 play a role in the recogni-
Gumienny et al. address the function of this ternarytion of a cell corpse signal in engulfing cells and possibly
complex in vivo by cotransfecting plasmids encodingin the generation of this signal in dying cells, ced-2,
ELMO1-GFP, DOCK180, and CrkII into the phagocyticced-5, and ced-10 are involved in the transduction of
fibroblast line LR73. The cotransfection of all three plas-probably a different cell corpse signal to the cellular
mids resulted in a robust increase in the ability of themachinery of engulfing cells (Hengartner, 2001). ced-2,
cells to engulf carboxylate-modified beads. This effectced-5, and ced-10 function in the engulfing cell and
was dependent on the ability of the three proteins toencode components of a conserved Rac GTPase signal-
interact physically. The transfected cells also underwenting pathway involved in regulating the actin cytoskeleton
cell shape changes and formed membrane ruffles, whichand controlling cell shape changes required for dynamic
are characteristic of the presence of activated Rac. Theprocesses such as phagocytosis and cell migration (Hall
appearance of membrane ruffles but not the relocaliza-and Nobes, 2000). Mutations in ced-2, ced-5, and ced-
tion and colocalization of ELMO1-GFP, DOCK180, and10, therefore, not only cause defects in cell corpse en-
CrkII to the plasma membrane was dependent on acti-gulfment but also in cell migration, in particular in the
vated Rac1, suggesting that Rac1 acts downstream ofmigration of the gonadal distal tip cells (DTCs). ced-2
the CrkII-DOCK180-ELMO complex. Zhou et al. foundencodes a protein similar to the mammalian SH2 and
that the injection of plasmids encoding CED-12, DCED-SH3 domain-containing adaptor protein CrkII, ced-5 en-
12, ELMO1, or ELMO2/HCED-12A alone into the nucleicodes a protein similar to the human protein DOCK180,
of Swiss 3T3 cells caused changes in the organizationwhich can interact with CrkII, and ced-10 encodes a
of the actin cytoskeleton. However, the synthesis ofprotein similar to mammalian Rac, which is a member
these proteins resulted in actin filament assembly andof the Rho/Rac/CDC42 subfamily of small GTPases (Wu
bundling rather than the formation of membrane ruffles.and Horvitz, 1998; Reddien and Horvitz, 2000). Based
Actin filament bundling in Swiss 3T3 cells is normallyon studies in C. elegans and in human kidney epithelial
induced by the presence of activated Rho. Indeed, thecells, it was proposed that cell corpse signals or migra-
effects seen by Zhou et al. in this system were depen-tional cues lead to the localization of a CED-2/CrkII-
CED-5/DOCK180 complex to the plasma membrane of dent on activated Rho but not on Rac1. Depending on
